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                  AGING is a complex multifactorial process associated 
with internal desynchronization of circadian rhythms. 

Among them, increased sleep fragility and reductions in 
waking effi ciency are particularly salient ( 1  –  3 ). The ther-
moregulatory responses and the capacity for thermal com-
fort are also reduced in elderly humans ( 4 ). This alteration is 
seemingly of importance during aging because temperature 
changes before and after sleep onset may act in a positive 
feedback loop to maintain a consolidated sleep bout ( 5 ). 

 The age-related disturbances in sleep – wake and tempera-
ture rhythms have been correlated with the age-related re-
ductions in the amplitude of the nocturnal melatonin peak 
( 6 ). In fact, rhythms of body temperature, sleep – wake, and 
responsiveness to light – dark are closely related to the secre-
tion of melatonin, which the body uses as a time cue and 
sleep-promoting signal ( 7 , 8 ). As an example, melatonin has 
hypothermic effects ( 9 ) that are independent of the species 
chronotype (the period where a given species is more ac-
tive) ( 10  –  12 ), but the environmental temperature may also 
be used as a zeitgeber regulating the secretion of melatonin 
in some animal species ( 13 ). Moreover, sleep effi ciency, 
measured as the total delta power (an indicator of the depth 
or intensity of sleep) and the total duration of sleep, also 
increases in proportion to the duration of elevated melatonin 
levels ( 14 ). Tryptophan, the precursor of melatonin and also 
of the neurotransmitter serotonin, is known to increase 
brain serotonin and melatonin levels during light and dark, 
respectively ( 15 ) as well as the delta power and the amount 

of nonrapid eye movement sleep ( 16 ). These results support 
the use of dietary tryptophan supplementation for the treat-
ment of age-related sleep disturbances ( 17  –  19 ). 

 In previous investigations in the ringdove ( Streptopelia 
risoria ), we found that the administration of melatonin led 
to an improvement of nocturnal rest as well as an increase 
in both nocturnal and diurnal melatonin levels in both young 
and old ringdoves ( 20 ). The same occurred with tryptophan 
in old birds, whose administration also raised circulating 
levels of serotonin ( 21 ). We hypothesized that the reduced 
activity observed following both melatonin and tryptophan 
administration may be related to the acute hypothermic ef-
fects exerted by the pineal indole ( 22 ). But this question 
remains unanswered. 

 Another age-related disturbance is the depression of the 
immune system, a process that has been called immunose-
nescence ( 23 ). In the ringdove, melatonin and tryptophan 
treatments have been shown to enhance the phagocytic 
function of heterophils (the equivalent of neutrophils in hu-
mans), which is impaired in the old animals, as well as neu-
tralizing oxidative stress deriving from elevated immune 
function both in vivo and in vitro ( 24  –  28 ). Immune senes-
cence is also associated with increases in the plasma levels 
of cytokines ( 29 ), a diverse group of nonantibody intercel-
lular signaling proteins that regulate local and systemic 
immune and infl ammatory responses as well as many 
other biological processes. Cytokines may represent a link 
between the immune and infl ammatory systems ( 30 ) and 
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have an important role in the regulation of sleep ( 31 ). 
Among the cytokines, interleukin (IL)-1 b , IL-6, and tumor 
necrosis factor alpha (TNF- a ) have been described as im-
portant factors that mediate sleep processes ( 32  –  34 ). Taking 
into account the cytokine – sleep relationship and the regula-
tion exerted by tryptophan and melatonin on the immune 
response of the ringdove, an evaluation of the levels of these 
immune molecules and the possible effects that the amino 
acid and the indole may possess on them is required. 

 Accordingly, the present report aimed to determine age-
related changes in the activity – rest, body temperature, and 
IL-1 b , IL-6, and TNF- a  levels of young and old ringdoves, 
as well as examining their eventual reversion as a conse-
quence of tryptophan and melatonin administration. Fur-
thermore, circulating levels of melatonin and serotonin were 
measured to evaluate the possible differences existing be-
tween animals of different ages and establish potential cor-
relations between these parameters and activity – rest and 
temperature values.  

 Methods  

 Animals 
 Male and female ringdoves ( S. risoria ) of 4 – 5 years of 

age (young) and 12 – 14 years of age (old; average life span 
of 15 years) weighing 150  ±  20 g were used in the study 
( n  = 10, per age group). The animals were bred in our de-
partment and individually housed in 40 × 40 × 45 cm cages 
under controlled environmental conditions (22°C; 70% 
humidity), kept under a 12/12-hour light/dark photoperiod 
(darkness from 8  pm  to 8  am    ), and fed ad libitum (food and 
water). For the activimetry studies, the animals were trans-
ferred to specially designed cages (see Measurement of the 
activity – rest rhythms) and maintained under the same con-
ditions as described previously.  S. risoria  is a species char-
acterized by being diurnal and monophasic with sleep – wake 
cycles similar to those of humans and is therefore a good 
model to investigate impairments in the circadian system 
due to age. 

 The study was approved by the Ethical Committee of the 
University of Extremadura (Badajoz, Spain) in accordance 
with the National Institute of Health Guide for the Care and 
Use of Laboratory Animals.   

 Animal Treatment 
 Young animals were treated for 3 consecutive days with a 

single daily oral dose (0.25 mg/0.1 mL phosphate-buffered 
saline [PBS] per animal per day) of melatonin (Sigma, St 
Louis, MO) 1 hour before lights off (7  pm ). Old animals 
were treated for 3 consecutive days with either a single daily 
oral dose (2.5 mg/0.1 mL PBS per animal per day) of mela-
tonin 1 hour before lights off or a single oral capsule of 
300 mg/kg of body weight (b.w.) of  l -tryptophan (Sigma) at 
9  am  (1 hour after the onset of the light period). The choice of 

these concentrations and of the time of administration were 
based on preliminary studies of administration of melatonin 
and  l -tryptophan, which indicated that these doses induced 
an improvement of nocturnal rest in this species, with mini-
mal effects on diurnal activity ( 20 , 21 ). Control birds re-
ceived only 0.1 mL of PBS or capsules containing the 
excipient — methylcellulose (Sigma) — with the same sched-
ule as the melatonin- or tryptophan-treated animals, respec-
tively. Basal values were obtained before treatment from 
animals that had not been given PBS, methylcellulose, me-
latonin, or tryptophan. As no signifi cant variations were ob-
served in these values with respect to the controls, they will 
not be reported in the results section.   

 Measurement of the Temperature Rhythms 
 Core temperature was measured in the cloaca using a 

thermocouple with digital readout. The lubricated probe 
was inserted a distance of 3 cm in lightly hand-restrained 
animals, for approximately 20 seconds until reaching a 
steady reading. Peripheral body temperature was measured 
on the naked skin under the wings using an infrared ther-
mometer (DT-8818; PCE Group, Tobarra (Albacete), 
Spain). Periodic (1- to 3-hour intervals) temperature mea-
surements were performed to record the time course of body 
temperature.   

 Measurement of the Activity – Rest Rhythms 
 Each cage was equipped with an infrared activimetry sys-

tem using two crossed perpendicular beams situated in a 
plane 70 mm above the sustenance plane to detect activity. 
Motor activity counts were automatically recorded every 
15 minutes on a computer by means of a data-acquisition 
system. An activity pulse was recorded each time there was 
a change of state in the receivers, that is, the receivers acti-
vated a Transistor-transistor logic signal    (5 – 0 V) when the 
beam was interrupted or restored. The change of state of the 
beam was interpreted as a digital signal (activity pulses), 
which was acquired by the computer and automatically 
stored using the DAS16 program ( 35 ) for further analysis. 
The results of the activity assessment in both young and old 
animals are expressed as the average of the total diurnal and 
nocturnal activities.   

 Serum Collection 
 Blood samples were drawn from all 10 birds at each sam-

pling time, allowing at least 1 week between consecutive 
extractions. The collections (1 mL per animal per week) 
were taken from the brachial vein with a 25-gauge needle 
and a syringe at 2- or 3-hour (diurnal) and 1-hour (noctur-
nal) intervals and then transferred unheparinized to a pre-
prepared tube containing serum-separating gel. The samples 
were centrifuged at room temperature for 15 minutes at 
300 g . The serum was then divided into aliquots in Eppen-
dorf vials and kept frozen at  − 30°C until the time of assay.   
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 Measurement of Serotonin, Melatonin, and IL-1 b , IL-6, 
and TNF- a  in Serum 

 Serotonin and melatonin were determined by means of 
commercial enzyme-linked immunosorbent assay (ELISA) 
(IBL, Hamburg, Germany) and radioimmunoassay (IBL) 
kits, respectively. Cytokine (IL-1 b , IL-6, and TNF- a ) lev-
els were measured using commercial EASIA (Enzyme 
Amplifi ed Sensitivity Immunoassay) kits (Biosource, Niv-
elles, Belgium), a modifi ed ELISA that uses monoclonal 
antibodies directed against distinct antibodies for sensitiv-
ity amplifi cation. Determinations were made in duplicate. 
Melatonin and cytokine results are expressed in picograms 
per milliliter. Serotonin values are given in nanograms per 
milliliter.   

 Chronobiological Analysis 
 For the study of activity – rest and temperature in the ani-

mals, a mean population cosinor analysis was performed, 
using the integrated computer software packages Cosinor 
and El Temps (Antoni Díez-Noguera, University of Barce-
lona, Spain). The data were fi tted to the cosine function 
 Y ( t ) =  M  +  A  cos( w  t   −   j    ), where  M  is the MESOR (Midline-
Estimating Statistic of Rhythm), or mean value of the fi tting 
function;  A  is the amplitude or difference between the max-
imum or minimum value of the fi tting function and the ME-
SOR;  w  is 2 p  times the frequency or number of oscillations 
per unit time; and  j  (acrophase   ) is a phase angle (a measure 
of the timing of the peak of the variable), expressed as the 
lag from the reference time (in our study lights off) to the 
crest time of the cosine function best approximating the data. 
The value of  w  was fi xed to correspond to a 24-hour period 
( w  = 0.2618 rad/h).   

 Statistical Analysis 
 Data are expressed as mean  ±   SD  of the number of deter-

minations. The results were analyzed by using Friedman 
ranges for paired samples, followed by Kruskal – Wallis mul-
tiple contrasts. Correlations by multiple regression of differ-
ent activity – rest and temperature values with the melatonin 
and serotonin data at the hours studied were taken as signifi -
cant if the  R  2  met the criterion of signifi cance at  p  < .01.    

 Results 
 As expected, diurnal activity was always higher than noc-

turnal activity ( p  < .01), although the difference was less for 
older birds. Melatonin treatment reduced nocturnal activity 
in both old and young birds ( p  < .01) and also decreased 
diurnal activity in old birds ( Figure 1 ). Tryptophan had sim-
ilar effects on the nocturnal activity of old birds.     

 The aforementioned results were confi rmed ( Table 1 ) by 
the cosinor analysis — amplitude, MESOR, and acrophase —
 for the locomotor activity of control and treated birds. Age 
caused a reduction in MESOR and amplitude ( p  < .05), but 

both parameters increased after the treatment with both me-
latonin and tryptophan, although the effect was only signifi -
cant when the amplitude of the rhythm of old animals was 
compared with their respective controls.     

 In both age groups, the control core temperature was al-
ways higher during daytime than during night ( Figure 2 ). 
However, the difference between the diurnal and nocturnal 
values was smaller in the old birds that also showed an ear-
lier dawn rise in temperature. Also, in both age groups, the 
melatonin and tryptophan treatments led to a signifi cant de-
cline ( p  < .01) in core temperature with respect to the con-
trols. It is noteworthy that the maximum temperature decline 
was at around 11  pm  in the melatonin-treated young animals 
and at around 10  pm  and at midnight in the melatonin- and 
tryptophan-treated old animals, respectively.     

 Similar to the core temperature, it was found that the di-
urnal values of peripheral temperature were generally higher 
than the nocturnal data ( Figure 3 ). Nevertheless, contrary to 
the effect of melatonin and tryptophan on core temperature, 
their administration provoked a signifi cant rise ( p  < .02) of 
the peripheral temperature in both young and old animals at 
most hours studied.     

 The control old animals presented signifi cantly lower 
( p  < .005) core temperature amplitudes than the young indi-
viduals, as well as a loss of core temperature rhythm ( Table 2 ). 
The treatments with either melatonin or tryptophan produced 
a signifi cant rise ( p  < .01) of the core temperature amplitude 
of old animals, reaching values comparable to those obtained 
in both the control and the melatonin-treated young birds, and 
a signifi cant decrease of the core amplitude MESORs in both 
young and old birds. There were no signifi cant differences 
between the peripheral amplitudes of the young and old con-
trols and neither between the different treatment groups and 

  

 Figure 1.        Total diurnal and nocturnal activities in young ringdoves treated 
with 0.25 mg melatonin/kg of body weight (b.w.) 1 hour before lights off (7  pm ) 
and in old ringdoves treated with 2.5 mg melatonin/kg of b.w. 1 hour before 
lights off (7  pm ) or with 300 mg tryptophan/kg of b.w. 1 hour after lights on 
(9  am ). Each value represents the mean  ±   SD  of 10 determinations. (a)  p  < .01 
with respect to the values obtained in their respective control groups; (b) 
 p  < .01 with respect to the values obtained in the young animals.    
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their respective controls. However, the treatments with either 
melatonin or tryptophan signifi cantly raised ( p  < .01) the 
peripheral temperature MESORs in both age groups.     

 The treatment with both melatonin and tryptophan 
reduced signifi cantly the MESOR differences between the 

core and peripheral values ( p  < .01) ( Figure 4 ). This was 
also the case for the amplitudes ( p  < .01).     

 The melatonin and serotonin values were signifi cantly 
higher ( p  < .001) in the young than in the old animals at 
most hours studied ( Figure 5 ). The exceptions were noon 

  

 Figure 2.        Core temperature values at different times over a 24-hour period 
in young ringdoves treated with 0.25 mg melatonin/kg of body weight (b.w.) 
1 hour before lights off (7  pm ) ( A ) and in old ringdoves treated with 2.5 mg 
melatonin/kg of b.w. 1 hour before lights off (7  pm ) or with 300 mg tryptophan/
kg of b.w. 1 hour after lights on (9  am ) ( B ). Each value represents the mean  ±  
 SD  of 10 determinations. * p  < .01 with respect to the values obtained in their 
respective control groups.    

 Table 1.        Cosinor    Parameters for the Locomotor Activities of the Control Groups and after a 3-Day Treatment With 0.25 and 2.5 mg of 
Melatonin/kg of Body Weight (b.w.) 1 Hour Before Lights Off (7  pm ) in Young and Old Ringdoves, respectively, or 300 mg of Tryptophan/kg of 

b.w. 1 Hour After Lights on (9  am ) in Old Ringdoves  

  Activity 

 Young Animals Old Animals 

 Control Melatonin Treated Control Melatonin Treated Control Tryptophan Treated  

  MESOR (No. of movements) 161.4  ±  10.4 158.6  ±  15.2 141.9  ±  7.2 * 157.3  ±  12.1 141.5  ±  6.0 * 157.2  ±  15.2 
 Amplitude (No. of movements) 155.7  ±  28.0 159.6  ±  27.2 105.9  ±  13.0 * 140.4  ±  10.8  †  108.7  ±  12.4 * 140.1  ±  13.6  †   
 Acrophase (h) 17.4  ±  1.2 17.2  ±  1.3 16.8  ±  0.9 17.3  ±  1.2 16.6  ±  1.0 17.5  ±  1.5  

    Notes : Each value represents the mean  ±   SD  of 10 determinations.  
  *        p  < .05 with respect to their respective values in the young animals. The acrophase reference time is lights off (8  pm ).  
   †         p  < .05 with respect to the values obtained in the controls.   

  

 Figure 3.        Peripheral temperature values at different times over a 24-hour 
period in young ringdoves treated with 0.25 mg melatonin/kg of body weight 
(b.w.) 1 hour before lights off (7  pm ) ( A ) and in old ringdoves treated with 
2.5 mg melatonin/kg of b.w. 1 hour before lights off (7  pm ) or with 300 mg 
tryptophan/kg of b.w. 1 hour after lights on (9  am ) ( B ). Each value represents 
the mean  ±   SD  of 10 determinations. * p  < .02 with respect to the values ob-
tained in their respective control groups.    
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and 3  pm  when the old animals ’  melatonin levels were sig-
nifi cantly higher ( p  < .001), and at midnight, 1  am , 3  am , 
and 4  am  when young and old animals had similar serotonin 
levels. The melatonin and tryptophan treatments produced a 
signifi cant rise ( p  < .001) of the circulating levels of mela-
tonin in young and old animals, except for the old animals 
at 3  pm  and 6  pm . However, only the administration with 
tryptophan produced a signifi cant increase of the serotonin 
levels at all hours studied ( p  < .001).     

 Serum IL-1 b , IL-6, and TNF- a  levels are listed in  Table 3 . 
In general, the IL levels were maximal at dusk to early night 
and dawn to late night, with the old animals presenting 
higher values than the young ( p  < .01). In particular, there 
was a signifi cant increase of IL-6 secretion in the control 
old animals with respect to their respective values in the 
young birds at 3  pm  ( p  < .01). The treatments led in general 
to decreased ( p  < .01) IL-1 b , IL-6, and TNF- a  levels in both 
age groups. No levels of TNF- a  were detected in the young 
group, either under control conditions or after the adminis-
tration of melatonin or tryptophan.     

  Appendix 1  presents the correlations between the serum 
melatonin and serotonin levels and the locomotor activity 
(pulses), and core and peripheral temperatures. In the con-
trol groups, the results of the serum melatonin levels were 
negatively correlated with the circadian rhythms of activity 
and core and peripheral temperatures ( p  < .01, except for 
the relation between old control melatonin and core tem-
perature values where  p  was <.02). The equivalent correla-
tions for serotonin were positive ( p  < .01, except for the 
relations between old control serotonin and core tempera-
ture values and serotonin and peripheral temperature values 
from young melatonin-treated animals, where  p  was <.021 
and <.041, respectively). The treatments either maintained 
or strengthened these correlations.   

 D iscussion  
 It is thought that the deterioration of the circadian rhythms 

in the elderly adults contributes to the appearance of sleep 

disorders, including reduced slow wave sleep, increased 
number and duration of night-time awakenings, shorter 
sleep duration, and reduced daytime activity function ( 36 ). 
Sleep disorders are believed to be caused, at least partly, by 
changes in the circadian system ( 37 ). Among these changes, 
the alterations in the circadian rhythms of temperature and 
melatonin may have a relevant role ( 38 ). In this sense, we 
found in our animal model a signifi cant increase in the noc-
turnal activity of the old birds, together with signifi cant re-
ductions in the MESOR and amplitude of their activity – rest 
rhythm with respect to the young birds. In addition, in com-
parison with the young individuals the circulating levels of 
melatonin were signifi cantly reduced as was the amplitude 
of the core temperature, with also an earlier rise in the latter 
hours of darkness. This is especially important because it is 
known that maximal sleep propensity occurs during the de-
scending part of the temperature cycle ( 39 ). This could 
mean that the second half of nocturnal sleep in our animal 
model, and, by extension, in the elderly adults, corresponds 
to the ascending phase of temperature, which would hinder 
the maintenance of sleep even though it would not be the 
only factor involved. 

 The administration of melatonin or tryptophan not only 
provoked a signifi cant decline in the nocturnal activity of 
both age groups but also decreased the core temperature 
values with respect to the controls. This is consistent with 
previous reports showing a signifi cant hypothermic re-
sponse to melatonin in other birds such as laying hens, spar-
rows, and chicks ( 9 ) and in several mammalian species, 
including humans ( 40 , 41 ). Moreover, we found a signifi cant 
rise of the amplitude of the core temperature in the old ani-
mals, reaching values comparable to those obtained in both 
the control and the melatonin-treated young birds. This is 
particularly relevant given the reported decline in aging 
populations of core body temperature and other circadian 
markers, including melatonin ( 42 ). 

 Based on the precise phase relationship between the on-
set of nocturnal secretion of melatonin, the  “ forbidden 
zone ”  for sleep, and core body temperature, it has been 

 Table 2.        Cosinor Parameters for the Core (A) and Peripheral (B) Temperatures of the Control Groups and After a 3-Day Treatment With 0.25 
and 2.5 mg of Melatonin/kg of Body Weight (b.w.) 1 Hour Before Lights Off (7  pm ) in Young and Old Ringdoves, Respectively, or 300 mg of 

Tryptophan/kg of b.w. 1 Hour After Lights on (9  am ) in Old Ringdoves  

  Young Animals Old Animals 

 Control Melatonin Treated Control Melatonin Treated Control Tryptophan Treated  

  A. Core temperature 
     MESOR (°C) 41.4  ±  0.2 40.6  ±  0.2 * 41.1  ±  0.1 40.7  ±  0.2 * 41.3  ±  0.1 40.9  ±  0.2 *  
     Amplitude (°C) 0.7  ±  0.3 0.7  ±  0.2 0.1  ±  0.2  †  0.5  ±  0.1 * 0.2  ±  0.1  †  0.6  ±  0.2 *  
     Acrophase (h) 17.5  ±  1.4 18.0  ±  2.6 17.5  ±  4.3 15.9  ±  2.7 19.4  ±  2.5 16.5  ±  3.0 
 B. Peripheral temperature 
     MESOR (°C) 32.2  ±  0.2 32.8  ±  0.3 * 32.8  ±  0.4 33.7  ±  0.4 * 32.9  ±  0.4 34.9  ±  0.4 *  
     Amplitude (°C) 1.1  ±  0.6 0.7  ±  0.4 1.4  ±  0.7 1.5  ±  0.8 1.2  ±  0.7 1.0  ±  0.8 
     Acrophase (h) 18.2  ±  2.3 21.1  ±  2.6 19.1  ±  2.0 21.2  ±  2.0 19.2  ±  2.5 17.9  ±  3.3  

    Notes : Each value represents the mean  ±   SD  of 10 determinations. MESOR = Midline-Estimating Statistic of Rhythm.  
  *        p  < .01 with respect to the values obtained in the controls.  
   †         p  < .005 with respect to their respective values in the young animals. The acrophase reference time is lights off (8  pm ).   
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proposed that melatonin may act as an internal sleep  “ fa-
cilitator ”  in diurnally active animals, and therefore be useful 
in the treatment of insomnia and the readjustment of im-
paired circadian rhythms ( 43 ), as is the case for elderly in-
dividuals. Nevertheless, it has been pointed out that a 
reduction in core body temperature per se does not always 

induce drowsiness, that is, drowsiness is associated with 
heat loss and not primarily with a decrease in core body 
temperature ( 22 ). In this regard, we tested whether there ex-
isted in the old birds an age-related alteration in the thermo-
regulatory process using the measurement of peripheral 
temperature as an indicator of heat loss. It was observed that 
there were no signifi cant differences in peripheral tempera-
tures between young and old ringdoves under control condi-
tions. This does not mean, however, that the heat losses 
were similar. The differences between the control core and 
peripheral temperature amplitudes were greater in the old 
birds. This could indicate either increased losses or a greater 
infl uence of the environment and hence poorer homeostatic 
control of their losses ( 44 ). Melatonin or tryptophan treat-
ments induced a signifi cant increase in the peripheral tem-
perature in both groups, the MESORs being signifi cantly 
higher than their corresponding values in the untreated ani-
mals. This, together with the aforementioned decrease in 
the core temperature MESORs and the signifi cant reduction 
in the differences between the core and peripheral tempera-
ture MESORs, refl ects an increase in losses and the typical 
hypothermic action of melatonin and tryptophan. Melatonin 
itself or via conversion from its precursor, the amino acid 
tryptophan, may act by lowering core temperature, thereby 
causing an immediate stimulation of heat-loss mechanisms, 
as has been proposed to be the case for other birds ( 9 ). Thus, 
in the old birds, melatonin or tryptophan improves the 
rhythm by increasing the amplitude of the core temperature. 
Because the amplitude of the peripheral temperature is 
maintained, the difference between the two is signifi cantly 
reduced, with improved homeostatic control of the losses. 

 Cytokines are a diverse group of signaling proteins that 
are produced by lymphocytes, macrophages, and other sys-
temic cells and are involved in immune and infl ammatory 
responses. Among cytokines, IL-1 b  and TNF- a  have been 
determined to be important sleep-promoting substances 
( 30 ). Furthermore, IL-6 levels have been associated with 
aging-related sleep problems ( 45 ). Here, we investigated 
whether treating the birds with either the pineal indole or its 
precursor may modify the secretion of IL-1 b , IL-6, or 
TNF- a  due to the aforementioned implication of these ele-
ments in sleep regulation. We observed in general that the 
IL-1 b , IL-6, and TNF- a  levels were maximal before and 
after lights on or lights off, with the old animals presenting 
higher values than the young and that the treatments led to 
decreased cytokine levels in both age groups. In particular, 
we observed a signifi cant rise in the IL-6 values in the diur-
nal period in the control old animals with respect to the 
young. This is particularly relevant because better sleep has 
been associated with reduced daytime secretion of IL-6, 
whereas disturbed nocturnal sleep has been associated with 
increased daytime IL-6 levels ( 46 ). 

 It has been shown previously that, however, despite its 
somnogenic properties, IL-6 administration or elevation of 
its endogenous levels seems to result in sleep disturbance 

  

 Figure 4.        The Midline-Estimating Statistic of Rhythms ( A ) and amplitudes 
( B ) of the core and peripheral temperatures and the differences between these 
temperatures for the values obtained for each parameter in young and old ring-
doves treated with melatonin (0.25 and 2.5 mg/kg of b.w. 1 hour before lights 
off, respectively) or old ringdoves treated with tryptophan (300 mg/kg of b.w. 
1 hour after lights on). Each value represents the mean  ±   SD  of 10 determina-
tions. * p  < .05 with respect to the values obtained in their respective control 
groups.    
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 Figure 5.        Serum melatonin (pg/mL) and serotonin (ng/mL) levels at different times over a 24-hour period in control conditions and after a 3-day administration 
of 0.25 mg melatonin/kg of body weight (b.w.) and 2.5 mg melatonin/kg of b.w. to young and old ringdoves, respectively, 1 hour before lights off (7  pm ) ( A ), or 
300 mg tryptophan/kg of b.w. to old ringdoves 1 hour after lights on (9  am ) ( B ). Each value represents the mean  ±   SD  of 10 determinations performed in duplicate.
  •  p  < .001 with respect to the values obtained in their respective control groups; * p  < .001 with respect to their respective values in the young animals.    
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when associated with activation of the hypothalamic – 
 pituitary – adrenocortical (HPA) axis, at least in humans 
( 45 ). On the other hand, it has been proposed that elevated 
daytime secretion of somnogenic and fatigue-inducing cy-
tokines, such as IL-6 and TNF, unassociated with HPA axis 
activation, leads to drowsiness and deeper sleep ( 46 ). Also, 
sleep deprivation increases the incidence and concentration 
of IL-1 b  ( 47 ), whose levels were here elevated in the old 
birds. Finally, TNF- a  levels were only detected in the old 
birds, which could be related to the fact that the presence in 
serum of certain cytokines seems to be linked to potential 
disease processes and to cell damage ( 48 ), phenomena most 
likely to be occurring in the old animals. Thus, further in-
vestigations are needed to elucidate the mechanisms through 
which ILs work in our animal model, taking into account 
that aging has also been associated with increased plasma 
levels of these infl ammatory products ( 49 ). In this respect, 
recent work has shown that melatonin is implicated in the 
reduction of proinfl ammatory cytokines ( 50 ), an effect also 
observed here in both young and old ringdoves after treat-
ment with either melatonin or tryptophan. 

 Because serotonin is known to increase the proportion of 
slow wave sleep ( 51 ), as well as being a waking neurotrans-
mitter ( 52 ), and tryptophan intake acts to increase circulat-
ing levels of this neurotransmitter in both brain and serum 
in the ringdove ( 16 , 21 ), it is important to understand the 
relationship of this molecule with temperature and locomo-
tor activity. The present results showed positive correlations 
of serum tryptophan levels and the circadian rhythms of ac-
tivity and core and peripheral temperatures. The equivalent 
correlations for melatonin were negative, that is, as the se-

rum melatonin levels rose, the activity pulses became less 
frequent and the temperature recordings were lower. As se-
rum serotonin levels rose, the activity pulses became more 
frequent and the temperature recordings higher. The nega-
tive correlations that were observed between melatonin lev-
els and the rhythms of activity and temperature could be a 
refl ection of the endogenous sleep-regulating properties of 
the indoleamine. In this sense, in humans a characteristic 
increase of melatonin that takes place during the night has 
been reported to be directly related to an increase in drows-
iness and a reduction in body temperature ( 53 ). The positive 
correlations found for serotonin in the two age groups are 
consistent with previous fi ndings ( 54 ). 

 In summary, in the ringdove the nocturnal secretion of 
the pineal melatonin seems to have a crucial role in the en-
dogenous regulation of temperature in the evening, which in 
turn may be implicated in the initiation of sleep. Old birds 
displayed impairments in their circadian rhythms of loco-
motor activity, temperature, and circulating levels of mela-
tonin and serotonin, and differences in the pattern of 
secretion of IL-1 b , IL-6, and TNF- a . Exogenous melatonin 
and tryptophan increased the circulating levels of the pineal 
indole; reduced nocturnal locomotor activity, core tempera-
ture, and IL serum values; and stimulated heat-loss mecha-
nisms while maintaining or reinforcing the correlations 
between the core and peripheral temperatures and circulat-
ing melatonin and serotonin. This could imply that improv-
ing the tryptophan supply in the diet or a melatonin treatment 
in accordance with the necessities of the circadian cycle in 
populations with sleep disorders would probably result in a 
better adjustment of their circadian rhythms, with a general 

 Appendix 1.        Correlations Between the Serum Melatonin (pg/mL) and Serotonin (ng/mL) Levels and the Locomotor Activity (pulses), and Core 
and Peripheral Temperatures Under Control Conditions and After a 3-day Administration of 0.25 mg Melatonin/kg of Body Weight (b.w.) and 
2.5 mg Melatonin/kg of b.w. to Young and Old Ringdoves, Respectively, 1 Hour Before Lights Off (7  pm ), or 300 mg Tryptophan/kg of b.w. to 

Old Ringdoves 1 hour After Lights On (9  am )  

  Pulses of Activity Core Temperature Peripheral Temperature  

  Serum 
 melatonin 
 (pg/mL)

Control young animals  y  =  − 0.4 x  + 176.4;  R  2  = .77 ( – ); 
  p  < .000;  f.d.  = 12

 y  =  − 73.8 x  + 3,162.5;  R  2  = .62 ( – ); 
  p  < .001;  f.d.  = 12

 y  =  − 42.9 x  + 1493.6;  R  2  = .73 ( – ); 
  p  < .000;  f.d.  = 12 

 Melatonin-treated young 
 animals

 y  =  − 2.6 x  + 1,006.9;  R  2  = .78 ( – ); 
  p  < .001;  f.d.  = 8

 y  =  − 496.3 x  + 20,822;  R  2  = .68 ( – ); 
  p  < .002;  f.d.  = 9

 y  =  − 215.9    +   7,592.3;  R  2  = .70 ( – ); 
  p  < .001;  f.d.  = 6 

 Control old animals  y  =  − 0.4 x  + 129.2;  R  2  = .90 ( – ); 
  p  < .000;  f.d.  = 12

 y  =  − 84.4 x  + 3,536.5;  R  2  = .56 ( – ); 
  p  < .02;  f.d.  = 7

 y  =  − 17.4    + 650.7;  R  2  = .84 ( – ); 
  p  < .000;  f.d.  = 8 

 Melatonin-treated old animals  y  =  − 3.9 x  + 856.7;  R  2  = .90 ( – ); 
  p  < .000;  f.d.  = 8

 y  =  − 487.4 x  + 2,0262;  R  2  = .66 ( – ); 
  p  < .002;  f.d.  = 9

 y  =  − 152.6 x  + 5,612.9;  R  2  = .73 ( – );  
 p  < .002;  f.d.  = 8 

 Tryptophan-treated old animals  y  =  − 1.0 x  + 415.3;  R  2  = .84 ( – ); 
  p  < .000;  f.d.  = 7

 y  =  − 146.5 x  + 6,249.9;  R  2  = .64 ( – ); 
  p  < .002;  f.d.  = 10

 y  =  − 68.1 x  + 2,626.9;  R  2  = .71 ( – );  
 p  < .004;  f.d.  = 7 

 Serum 
 serotonin 
 (ng/mL)

Control young animals  y  = 0.4 x  + 1,601.7;  R  2  = .62 (+);  
 p  < .003;  f.d.  = 10

 y  = 77.3 x   −  1,514.3;  R  2  = .57 (+); 
  p  < .002;  f.d.  = 12

 y  = 43.1 x  + 287.5;  R  2  = .62 (+); 
  p  < .001;  f.d.  = 12 

 Melatonin-treated young 
 animals

 y  = 0.5 x  + 1,585.5;  R  2  = .77 (+);
   p  < .000;  f.d.  = 9

 y  = 80.6 x   −  1,593;  R  2  = .83 (+); 
  p  < .000;  f.d.  = 12

 y  = 46.5 x  + 196.5;  R  2  = .51 (+); 
  p  < .41;  f.d.  = 5 

 Control old animals  y  = 0.4 x  + 1,506.5;  R  2  = .62 (+); 
  p  < .007;  f.d.  = 8

 y  = 143.6 x   −  4,343.9;  R  2  = .51 (+); 
  p  < .021;  f.d.  = 8

 y  = 33.6 x  + 495.4;  R  2  = .64 (+); 
  p  < .003;  f.d.  = 9 

 Melatonin-treated old animals  y  = 0.5 x  + 1,516.7;  R  2  = .84 (+); 
  p  < .000;  f.d.  = 10

 y  = 88.2 x   −  2,010.9;  R  2  = .82 (+); 
  p  < .000;  f.d.  = 9

 y  = 24.1 x  + 744.6;  R  2  = .76 (+); 
  p  < .001;  f.d.  = 8 

 Tryptophan-treated old animals  y  = 4.2 x  + 2,348.5;  R  2  = .88 (+); 
  p  < .000;  f.d.  = 9

 y  = 593.6 x   −  2,1168;  R  2  = .80 (+); 
  p  < .000;  f.d.  = 9

 y  = 235.3 x   −  5,144.5;  R  2  = .70 (+); 
  p  < .002;  f.d.  = 8  

    Note : (+) and ( − ) indicate that there exists a positive or negative correlation, respectively, between the two variables; df =    degrees of freedom.   
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improvement of their health. The present results could serve 
as a basis for future studies on the application of melatonin 
or tryptophan as  “ replacement therapies ”  to limit or reverse 
some of the effects of the changes that occur in sleep – wake 
rhythms and temperature due to age.   
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